Abstract: First-generation taxanes have changed the treatment paradigm for a wide variety of cancers, but innate or acquired resistance frequently limits their use. Cabazitaxel is a novel second-generation taxane developed to overcome such resistance. In vitro, cabazitaxel showed similar antiproliferative activity to docetaxel in taxane-sensitive cell lines and markedly greater activity in cell lines resistant to taxanes. In vivo, cabazitaxel demonstrated excellent antitumor activity in a broad spectrum of docetaxel-sensitive tumor xenografts, including a castrationresistant prostate tumor xenograft, HID28, where cabazitaxel exhibited greater efficacy than docetaxel. Importantly, cabazitaxel was also active against tumors with innate or acquired resistance to docetaxel, suggesting therapeutic potential for patients progressing following taxane treatment and those with docetaxel-refractory tumors. In patients with tumors of the central nervous system (CNS), and in patients with pediatric tumors, therapeutic success with first-generation taxanes has been limited. Cabazitaxel demonstrated greater antitumor activity than docetaxel in xenograft models of CNS disease and pediatric tumors, suggesting potential clinical utility in these special patient populations. Based on therapeutic synergism observed in an in vivo tumor model, cabazitaxel is also being investigated clinically in combination with cisplatin. Nonclinical evaluation of the safety of cabazitaxel in a range of animal species showed largely reversible changes in the bone marrow, lymphoid system, gastrointestinal tract, and male reproductive system. Preclinical safety signals of cabazitaxel were consistent with the previously reported safety profiles of paclitaxel and docetaxel. Clinical observations with cabazitaxel were consistent with preclinical results, and cabazitaxel is indicated, in combination with prednisone, for the treatment of patients with hormone-refractory metastatic prostate cancer previously treated with docetaxel. In conclusion, the demonstrated activity of cabazitaxel in tumors with innate or acquired resistance to docetaxel, CNS tumors, and pediatric tumors made this agent a candidate for further clinical evaluation in a broader range of patient populations compared with first-generation taxanes.
Introduction
Since the initial approval of paclitaxel (Taxol ® ; Bristol-Myers Squibb, New York City, NY, USA) in 1992, 1,2 the first-generation taxanes paclitaxel and docetaxel (Taxotere ® ; Sanofi, Paris, France) have altered the treatment paradigm for a wide variety of solid tumors, including breast, lung, prostate, gastric, and ovarian cancers. 3, 4 Despite demonstrating significant antitumor activity as monotherapy or in combination regimens, clinical use of first-generation taxanes is frequently limited by innate or acquired resistance. [5] [6] [7] In prostate cancer, the majority of patients will eventually acquire resistance to docetaxel therapy. Cabazitaxel (Jevtana ® , Sanofi) is a novel secondgeneration semisynthetic taxane that was identif ied through a preclinical screen of 450 molecules derived from 10-deacetylbaccatin-III, with the aim of identifying a compound with activity in both taxane-sensitive and taxane-resistant tumors. 9 In the pivotal Phase III TROPIC study (NCT00417079), cabazitaxel combined with prednisone significantly extended overall survival compared with mitoxantrone plus prednisone in patients with metastatic castration-resistant prostate cancer (mCRPC) previously treated with a docetaxel-containing regimen. 10 This led to cabazitaxel's approval in 2010, in combination with prednisone, for the treatment of patients with hormone-refractory metastatic prostate cancer who have previously received docetaxel-based therapy. 11, 12 This review article presents an overview of the preclinical properties of cabazitaxel, including its development, mechanism of action, antitumor activity in a range of in vitro and in vivo tumor models, pharmacokinetics (PK), and metabolic and toxicity profiles, as well as a summary of its clinical development.
Taxanes' mechanism of action and resistance mechanisms Mechanism of action
Taxanes are microtubule inhibitors that induce cellular apoptosis through the stabilization of microtubules. 7 Microtubules are major components of the cytoskeleton, with critical roles in a variety of cellular processes including maintenance of cell shape, intracellular transport, cell signaling, and cell division. 7, [13] [14] [15] It is this pivotal role in mitosis that makes microtubules a key cellular target for anticancer therapeutics. 7 Microtubules are highly dynamic polymers of tubulin, continually undergoing assembly and disassembly within the cell. Taxanes inhibit microtubule function by binding to tubulin molecules, promoting their polymerization, and stabilizing microtubules. Suppression of microtubule dynamics leads to a block in mitosis and, ultimately, tumor cell death. 7, 13, 14 Resistance mechanisms Innate or acquired resistance to first-generation taxanes is frequently observed in different tumor types, resulting in treatment failure. Multiple potential mechanisms of taxane resistance have been identified in preclinical studies, and it is likely that several of these contribute to a resistant phenotype. 6, 7, [16] [17] [18] [19] Two mechanisms in particular have frequently been associated with the development of resistance to taxanes; however, it is worth noting that these are yet to be validated in patient samples, and their clinical relevance is not fully understood. 6, 7 In preclinical studies, resistance commonly results from overexpression of members of the ATP-binding cassette family of transporters, of which P-glycoprotein, encoded by the multidrug resistance gene (ATP-binding cassette, sub-family B [MDR/TAP], member 1; ABCB1), is the best known. 20 Docetaxel and paclitaxel are substrates of P-glycoprotein, which acts as a drug efflux pump, decreasing intracellular drug levels and limiting cytotoxicity. 6, 7, 21, 22 Resistance may also arise from spontaneously acquired mutations in tubulin, the cellular target of taxanes, resulting in changes to the tubulin binding site or altered microtubule dynamics. 6, 7, 23 Clinical data suggest that additional mechanisms may contribute to taxane resistance in patients, including the altered expression of specific tubulin isotypes, 17 and expression or binding of microtubule-regulatory proteins, 18 loss of functional p53, 16 dysfunctional regulation of apoptotic and intracellular signaling (eg, HER2 overexpression), 19 and decreased tumor cell permeability. 24 A number of potential predictive markers for taxane resistance have been identified, including the mitotic spindle checkpoint proteins Aurora A, BUBR1, MAD2, and synuclein-γ, and cell cycle proteins such as BRCA1; 18 however, conflicting results have been reported clinically. 24 The development of alternative therapies able to overcome taxane resistance has been the focus of considerable attention.
Cabazitaxel development
Paclitaxel and docetaxel are semisynthetic derivatives of 10-deacetylbaccatin-III, 25 ,26 a natural paclitaxel precursor molecule that can be extracted easily and sustainably from the needles of the European yew tree (Figure 1) . 26 In light of the clinical limitations that result from taxane resistance, a large-scale preclinical screening process was undertaken that aimed to identify a taxane derivative with equivalent efficacy to docetaxel in docetaxel-sensitive tumors, but greater activity than docetaxel in tumors that are docetaxelresistant. 9 In total, 450 candidate molecules were designed and generated for preclinical assessment, based on preclinical comparative structure-activity relationships of paclitaxel and docetaxel. Structural modifications initially focused on the side chain, as this was considered critical for potency, with subsequent modifications to other functional groups within the baccatin moiety. 9 The antitumor potential of the taxane derivatives was assessed over three stages: in vitro 
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Preclinical profile of cabazitaxel activity against microtubules; in vitro activity in resistant cell lines; and in vivo activity in a tumor model. 24 The in vivo assessments included evaluation in a B16/TXT melanoma resistance model, which was developed through repeat exposure to docetaxel in mice bearing the docetaxel-sensitive B16 tumor, to allow evaluation of the taxane derivatives in a clinically relevant setting. This model mimics the clinical development of docetaxel resistance, where tumors initially respond to treatment, but develop resistance progressively over time. 24 Side chain attachment at C-13 HO Initial attempts to modify the C-3′N-Boc and C-3′ phenyl groups within the side chain of docetaxel resulted in derivatives demonstrating either reduced in vitro potency or failure to improve activity in docetaxel-resistant cell lines ( Figure S1 ). 9, 27 Alterations to the C-2/C-4 and oxetane ring regions of the baccatin moiety were also evaluated, but failed to increase activity in the in vitro and/or in vivo resistance models. 9 Cabazitaxel is a dimethyl derivative of docetaxel, bearing methoxy groups in place of hydroxyl groups at positions C-7 and C-10 ( Figure 1) . 9 In both docetaxel-sensitive and docetaxel-resistant cell lines, these structural alterations resulted in the greatest increase in in vitro potency, without significantly increasing toxicity at the maximum tolerated dose, in contrast to other C-7/C-10 modifications ( Figure S1 ). 9 These modifications confer two advantages on cabazitaxel over docetaxel. Firstly, cabazitaxel, which is a P-glycoprotein substrate, has a higher lipophilicity than docetaxel (logP 3.9 versus 3.2), 9, 28 resulting from the conversion of two secondary alcohols to more lipophilic ethers. This may result in increased cell penetration through passive influx, consequently leading to better activity in resistant cell lines where permeability of the plasma membrane may be altered. 24, [28] [29] [30] This hypothesis was recently confirmed in an experiment in which drug uptake into MCF7 breast adenocarcinoma cells, which do not overexpress P-glycoprotein, was faster for cabazitaxel than for docetaxel. 31 Secondly, cabazitaxel has an improved ability to cross the blood-brain barrier (BBB) compared with docetaxel, offering potential benefit in patients with tumors of the central nervous system (CNS). 9, 29, 32, 33 Accordingly, during the screening of taxane derivatives and subsequent preclinical evaluation, cabazitaxel has demonstrated equivalent efficacy to docetaxel for stabilizing microtubules in vitro, greater potency than docetaxel in cell lines resistant to taxanes and other chemotherapeutics, activity superior to docetaxel in in vivo CNS disease models, broad-spectrum antitumor activity against a range of murine and human tumors, and in vivo activity in tumor models that are not sensitive, or are poorly sensitive, to docetaxel. 9, 24, 33 In vitro activity
Microtubule stabilization
Cabazitaxel has shown equivalent potency to docetaxel for stabilization of microtubules in vitro. Both cabazitaxel and docetaxel induced a similar reduction in lag time for tubulin assembly (lag time to 50% aggregation 0-0.1 µmol/L) and stabilization of microtubules against cold-induced depolymerization (concentration producing 50% cell killing 0.1-0.25 µmol/L), indicating that cabazitaxel has a cytotoxic mechanism of action similar to that of docetaxel. 24 
Antiproliferative activity
In cell lines sensitive to chemotherapy, cabazitaxel had similar antiproliferative activity to docetaxel, achieving comparable 50% inhibitory concentration (IC 50 ) values across a range of murine and human cell types (0.004-0.041 µmol/L for cabazitaxel versus 0.008-0.079 µmol/L for docetaxel) ( Table 1) . 24 In a panel of cell lines bearing acquired resistance to taxanes or to the chemotherapeutic agents doxorubicin, vincristine, or vinblastine, cabazitaxel showed markedly greater antiproliferative activity than docetaxel (IC 50 ranged from 0.016-0.414 µmol/L for cabazitaxel versus 0.17-4.01 µmol/L for docetaxel). 24 Resistance factors, an indication of the difference in drug concentrations needed to inhibit resistant versus sensitive/parental cell lines, ranged from 2-10 for cabazitaxel and 5-59 for docetaxel in these P-glycoproteinexpressing cell lines (Table 1) . 24 In murine and human cell lines with resistance mechanisms other than P-glycoprotein overexpression, no crossresistance to cabazitaxel was observed.
24

In vivo activity Plasma pharmacokinetics
The PK profile of cabazitaxel was evaluated in healthy and tumor-bearing mice, and healthy rats and dogs (Table 2 ) (Sanofi, data on file, 2010).
Absorption
Exposure to cabazitaxel increased with dose after single or repeated intravenous (IV) administration in all species. The increase in exposure was approximately dose-proportional in mice and more than dose-proportional in rats and dogs. No plasma accumulation was observed in mice, rats, or dogs after administration every 5 days, weekly, or every 3 weeks. No sex effect was observed in rats and dogs (Sanofi, data on file, 2010). 
Distribution
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Preclinical profile of cabazitaxel The PK of cabazitaxel was also evaluated in mice bearing advanced-stage (400 mm 3 ) mammar y MA16/C adenocarcinomas. 24 Cabazitaxel was administered at the highest nontoxic dose (HNTD) of 40 mg/kg. Drug uptake into the tumor was both rapid and sustained, with maximum drug concentrations in tumor tissue reached within 15 minutes, and a 40-fold greater concentration of cabazitaxel within the tumor versus plasma after 48 hours (Figure 2) . 24 In this model, exposure to cabazitaxel was 1.6-times greater in the tumor compared with plasma during the 48 hours following treatment administration, and 2.9-times greater over the entire experimental period (168 hours). Concentrations of cabazitaxel above the cellular antiproliferative IC 50 were sustained for 24 hours in the plasma and for 96 hours in tumor tissue. 24 Brain distribution of cabazitaxel was assessed in mice, rats, and dogs. Cabazitaxel penetrated rapidly in the brain, with similar relative exposure between brain and blood across the different species. 33 
Metabolism
Cabazitaxel metabolism has been compared across multiple species. In vivo, cabazitaxel was the major circulating Abbreviations: ABCB1, ATP-binding cassette, sub-family B, member 1; Calc18/TXT, Calc18 human breast adenocarcinoma resistant to docetaxel; HL60/TAX, HL60 human leukemia resistant to paclitaxel; IC 50 , 50% inhibitory concentration; KBV1, KB human epidermoid carcinoma resistant to vinblastine; P388/DOX, P388 murine leukemia resistant to doxorubicin; P388/TXT, P388 murine leukemia resistant to docetaxel; P388/VCR, P388 murine leukemia resistant to vincristine; SD, standard deviation. compound in all species including humans (65% of the total radioactivity area under the curve). Cabazitaxel undergoes extensive biotransformation, with less than 2.5% of the administered dose excreted unchanged in studies of mice, rats, dogs, and humans. The two main metabolic pathways, accounting for 40%, 54%, and 45% of the dose excreted in humans, dogs, and mice, respectively, corresponded to two O-demethylations at the C-7 and C-10 positions, one leading to 7-O-demethyl-cabazitaxel (pathway B) and the other to 10-O-demethyl-cabazitaxel (pathway A) ( Figure 3 ; Table 3 ). In male and female rats, the main pathway corresponded to t-butyl-hydroxylation on the lateral chain (pathway C), accounting for 49%-55% of the dose excreted. This pathway was also abundant in mice, representing 41% of the dose, and was found in humans (21% of the dose). Another pathway consisting of the cleavage of the parent drug (pathway D) was very minor in all species, including humans (0.3% of the dose). In contrast, unchanged cabazitaxel was the major circulating compound in plasma in all species, including humans, accounting for 65% of the total radioactivity area under the curve. 34 
excretion
The PK of cabazitaxel following a single IV infusion in normal mice, tumor-bearing mice, and in dogs is generally characterized by a biphasic elimination (Sanofi, data on file, 2010). Plasma clearance was high in rats (4.8 L/h/kg) and dogs (2.5-5.3 L/h/kg) and moderate in normal (0.9-1.1 L/h/kg) and tumor-bearing mice (1.7 L/h/kg), compared with respective hepatic blood flow. The terminal half-life was moderately long in dogs (3.0 to 4.3 hours), long in normal mice (5.1-7.6 hours) and rats (10 hours), and extremely long in tumorbearing mice (26 hours). It should be noted that a higher dose was given to tumor-bearing mice, which was reflected in quantifiable levels occurring at later sampling times than in normal mice (Sanofi, data on file, 2010).
Cabazitaxel excretion was nearly complete (91%-95% of the administered dose) in mice, rats, and dogs, and radioactivity was largely excreted in the feces in all three species (87%-91% of the administered dose), with minimal excretion via the urinary route (1%-4%). In bile-duct-cannulated male rats, radioactivity was mainly excreted via the biliary route, accounting for 65% of the administered dose within 48 hours. Similarly, in humans the majority of the radioactivity was recovered in feces (around 76% of the administered dose), with 4% of the dose found in urine. 34 In summary, the disposition of cabazitaxel was assessed in a range of animal species, and the distribution, metabolic pathways, and elimination processes documented in animals are consistent with those observed in humans (Sanofi, 
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Preclinical profile of cabazitaxel data on file, 2010). Thus, the animals studied are likely to represent good models for the disposition of cabazitaxel in humans. The finding that unchanged cabazitaxel is the main circulating compound in plasma indicates that analysis of the parent drug is appropriate for PK and pharmacodynamics studies of cabazitaxel.
Antitumor activity Prostate cancer models
The efficacy of taxanes in prostate cancer, in addition to their impact on cell division, may in part relate to inhibitory effects on androgen receptor signaling. [35] [36] [37] In mice bearing a docetaxel-sensitive cell line-derived castrate-resistant prostate cancer xenograft (DU145), cabazitaxel was found to be highly active, inducing 100% complete tumor regressions (complete response [CR] ) and 83% long-term tumor-free survival (TFS). 24 Cabazitaxel was compared with docetaxel and abiraterone acetate (a specific inhibitor of CYP17) in a patient-derived prostate tumor xenograft with induced resistance to castration (HID28). At equivalent dose levels (20 mg/kg), cabazitaxel demonstrated greater antitumor efficacy than docetaxel. 38 Cabazitaxel inhibited tumor growth with a percentage tumor volume change (calculated as the percentage ratio between the mean tumor volume of a treated and a control group) of 1.4% at Day 35 compared with 16.7% for docetaxel ( Figure 4) . 38 Complete and partial remissions, respectively, were achieved in six out of ten and four out of ten mice receiving cabazitaxel, and in one out of ten and two out of ten mice treated with docetaxel. 38 No antitumor activity was demonstrated with abiraterone acetate (50 mg/kg orally administered daily for 21 days). 38 These data provide support for the clinical development of cabazitaxel for the first-line treatment of mCRPC.
Docetaxel-sensitive models
Cabazitaxel demonstrated broad-spectrum activity in murine and human xenograft models (Table 4) . Excellent antitumor activity was observed in murine B16 melanoma, colon adenocarcinoma C51, and mammary adenocarcinoma MA16/C and MA17/A tumors. 24 In a range of advanced disease models, including human colon HCT 116 and HT-29, lung A549 and NCI-H460, pancreas MIA PaCa-2, head and neck SR475, and kidney Caki-1 xenografts, administration of cabazitaxel In seven of eleven such models, CR levels were 100%. In seven models, CR resulted in TFS at study completion, with 80 to 100% TFS in five of them. 24 In most cases, the antitumor activity of cabazitaxel was similar to that of docetaxel, as assessed by log cell kill values derived from measurements of tumor growth (log cell kill = tumor growth delay/3.32× tumor doubling time). 24 Despite this, docetaxel induced CR in just four of seven evaluable xenograft models (human colon HCT-29, pancreas MIA PaCa-2, head and neck SR475, and kidney Caki-1), and TFS at study completion was only observed in mice bearing human pancreas MIA PaCa-2 xenografts.
Models resistant or poorly sensitive to docetaxel
Cabazitaxel was evaluated in the B16/TXT acquiredresistance model, which was developed by repeatedly exposing mice bearing the docetaxel-sensitive murine B16 melanoma to docetaxel at the HNTD (60 mg/kg per passage), with a total of 27 passages over 17 months required to obtain a fully docetaxel-resistant tumor. Cabazitaxel demonstrated antitumor activity against B16/TXT, which does not overexpress P-glycoprotein, but was not active against the P-glycoprotein-overexpressing tumor Calc18/TXT in which docetaxel resistance was induced in vitro. 24 Interestingly, cabazitaxel showed activity against a number of murine and human xenograft models bearing innate resistance to docetaxel, including the human breast tumor UISO BCA-1. In this early-stage model, cabazitaxel achieved a log cell kill value of greater than 6, compared with 0.6 with docetaxel. Moreover, docetaxel did not delay tumor growth at its HNTD (15 mg/kg per injection; log cell kill 0.6, P0.5), whereas cabazitaxel was highly active both at its HNTD (15 mg/kg per injection; log cell kill 6, P=0.0016) and at the dose level below (9.3 mg/kg per injection; log cell kill 4.4, P=0.0016). 
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Table 4 Dose-response antitumor activity of cabazitaxel and docetaxel in mice bearing murine and human docetaxel-sensitive and -resistant tumors
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Preclinical profile of cabazitaxel Taken together, these findings made cabazitaxel a candidate for further clinical evaluation in patients who have relapsed following taxane treatment, as well as in those with innately docetaxel-refractory tumors. 24 
Special populations CNS tumors
The activity of first-generation taxanes in patients with tumors of the CNS is limited, [39] [40] [41] [42] [43] due to poor penetration of these drugs across the BBB under normal physiologic conditions. 44, 45 This is a result of both the physical barrier formed by brain endothelial cell tight junctions at the BBB 44 and the expression of a range of efflux transporters, including P-glycoprotein and other members of the multidrug resistance protein family, that limit uptake of transporter substrates into the brain to protect brain tissue from toxic insult. [44] [45] [46] Preclinical data suggest that uptake of cabazitaxel into the brain is greater than that observed with first-generation taxanes, potentially resulting from saturation of an efflux process at the BBB. 33, 47 Cabazitaxel uptake across the BBB was threefold higher in P-glycoprotein-deficient mice compared with control mice, suggesting that efflux from the brain may be mediated by P-glycoprotein, amongst other transporters. 47 Further evidence of saturation of an efflux process at the BBB was provided by the observation that brain exposure increased nonproportionally at doses of cabazitaxel greater than 10 µg/mL.
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PK analyses of the CNS have shown that cabazitaxel is able to rapidly penetrate the brains of mice, rats, and dogs following IV infusion. In mice bearing advanced MA16/C tumors grafted subcutaneously, the maximum drug concentration reached within the brain was considerably lower than in subcutaneous tumor tissue or plasma. However, due to the more sustained presence of cabazitaxel in the brain, overall exposure was 2.3-fold and 3.7-fold greater than in tumor tissue and plasma, respectively, at 0-48 hours. 33 The relationship between blood and brain exposure was highly consistent across the three animal species, suggesting that a similar relationship may also be seen in humans. 33 Studies using in vivo CNS disease models demonstrated greater activity for cabazitaxel than docetaxel. Cabazitaxel had enhanced antitumor activity compared with docetaxel in two human intracranial glioblastoma xenograft models when compared at their respective HNTDs, as shown by greater increases in life span. 33 Superior activity with cabazitaxel was observed both at early stages of tumor growth, before the BBB is disrupted, and during advanced stages, consistent with an inherently enhanced ability to penetrate the brain. 33 In situ brain perfusion using wild-type mice also demonstrated a two-to threefold greater brain penetration with cabazitaxel than with paclitaxel or docetaxel (unpublished data). 47 Based on these results, the potential of cabazitaxel to be an effective agent against CNS tumors should be evaluated further in clinical trials.
Pediatric patients
First-generation taxanes, despite showing activity in preclinical pediatric sarcoma models, 48 have achieved limited success in clinical trials in pediatric tumors, [49] [50] [51] [52] and their efficacy has never been fully established. The potential utility of cabazitaxel in pediatric patients has been investigated using cell-line derived and patient-derived pediatric sarcoma xenograft models. In five of six such models, cabazitaxel induced significantly greater tumor growth inhibition and tumor regression compared with equivalent doses of docetaxel. 33 A Phase I dose-escalation study evaluating cabazitaxel in pediatric patients with refractory solid tumors, including tumors of the CNS, is currently ongoing (NCT01751308).
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Combination chemotherapy
Docetaxel or paclitaxel in combination with cisplatin have shown improved efficacy compared with cisplatin-based therapy alone, or with alternative cisplatin-or taxanebased combination regimens. Improved outcomes with such approaches have been documented in multiple tumor types. [54] [55] [56] [57] Both docetaxel and paclitaxel are indicated, in combination with cisplatin, for the treatment of a variety of solid tumors. 4, 58 To evaluate preclinically whether cabazitaxel in combination with cisplatin may offer enhanced antitumor activity over monotherapy, this combination was assessed in a murine C51 colon adenocarcinoma xenograft model, which was selected based on its platinum sensitivity. 33, 59 The combination of cabazitaxel and cisplatin showed greater antitumor activity than either agent alone, although the combination toxicity index of this preclinical combination is low, requiring a reduction in dose of 50%-65% versus the single agent dose to avoid additional toxicity. 33 This indicates that reduced dosages could be administered in future if required. Therapeutic synergism was observed regardless of the sequence of administration, with the two agents given simultaneously or sequentially, of either cabazitaxel followed by cisplatin or cisplatin followed by cabazitaxel. 33 The preclinical assessment of cabazitaxel with other potentially synergistic chemotherapeutics is also warranted. Cabazitaxel in combination with cisplatin has been investigated in a Phase I clinical trial in patients with advanced solid tumors (NCT00925743). Stable disease was observed in a high proportion of patients, and the combination had a manageable safety profile consistent with that of a platinum/ taxane combination. 60 A Phase I/II study that aimed to determine the maximum tolerated dose, safety, and PK of cabazitaxel in combination with gemcitabine, however, was terminated following extensive dose-limiting toxicities (NCT01001221).
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Safety
The safety of cabazitaxel was investigated in a series of nonclinical studies that included general toxicology assessments with a wide variety of administration schedules in mice, rats, and dogs, as well as genotoxicity evaluation using in vitro and in vivo tests, in vivo fertility and embryofetal toxicity studies in rats and/or rabbits, and a comprehensive range of safety pharmacology assays (Sanofi, data on file, 2010).
General toxicology evaluation comprised single-dose and 5-day studies, single-cycle (weekly administration) and 4-week (daily administration) studies, and 5-, 10-, and 13-cycle studies entailing one administration every 3 weeks (Sanofi, data on file, 2010). The main toxicity parameters of cabazitaxel in general toxicology studies are summarized in Table 5 (Sanofi, data on file, 2010).
As expected for an antimitotic agent, cabazitaxel predominantly affected tissues with a high cell turnover in rats and dogs. The no observable effect levels for the main target organs are presented in Table 6 . Microscopic alterations were observed in the bone marrow (resulting in decreased circulating white blood cell count), lymphoid system, gastrointestinal tract, and male reproductive system. In multiple cycle assessments in rats, alopecia correlating with cell degeneration was also seen. Most of these changes were reversible and were considered compatible with 3-weekly administration (Sanofi, data on file, 2010). The findings are consistent with cabazitaxel's clinical adverse event profile, which is characterized primarily by hematologic disorders such as neutropenia and gastrointestinal disorders such as diarrhea, nausea, and vomiting. 11 Organs with lower epithelial tissue turnover were affected in a few instances. In particular, an increased incidence of mitotic figures or single cell necrosis was observed in the liver, adrenal gland, uterus, and eyes (Sanofi, data on file, 2010). The effects observed with cabazitaxel on tissues with high and low cell turnover resembled those reported for other taxane anticancer drugs (Sanofi, data on file, 2010).
Adverse reactions with possible clinical relevance included arteriolar/periarteriolar necrosis in the liver, bile duct hyperplasia, and hepatocellular necrosis (Sanofi, data on file, 2010). In clinical studies with cabazitaxel, transient increases in bilirubin and transaminase levels as well as liver injuries have been occasionally reported (Sanofi, data on file, 2010). In the light of these observations, a potential impact on the liver is being investigated further in an ongoing Phase I trial of cabazitaxel in patients with advanced solid tumors and varying degrees of hepatic impairment (NCT01140607). Similar to what has been reported with other taxanes, 25, 62, 63 peripheral neurotoxicity was observed in rodent models following treatment with cabazitaxel (Table 7) . Sciatic nerve degeneration occurred in mice following treatment with a variety of dosing regimens ranging from single-dose to five-cycle administration, and in rats in the single-dose and ten-cycle studies. In mice, these changes were not reversible at 10 or 20 weeks after single administration (Sanofi, data on file, 2010). In the clinical setting, cases of peripheral neuropathy, peripheral sensory neuropathy (eg, paraesthesias, dysesthesias), and peripheral motor neuropathy have been observed in patients receiving cabazitaxel. 11 Cross-study comparisons suggest, however, that the incidence and severity of peripheral neuropathy may be lower with cabazitaxel compared with other taxanes. 10, [64] [65] [66] [67] [68] [69] Central neurotoxicity characterized by degenerative changes to the brain and cervical spinal cord has also been reported in mice following cabazitaxel treatment (Table 7) , but was not observed in rats or dogs (Sanofi, data on file, Table 5 Cabazitaxel preclinical toxicology data summary: main toxicity parameters (mg/kg/day) in mice, rats, and dogs 
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Preclinical profile of cabazitaxel 2010). In radiolabeling studies, a good correlation between the localization of brain lesions (vacuoles) and radioactivity levels was observed, with both concentrated around the ventricles ( Figure 5 ), suggesting that these effects were related to cabazitaxel treatment (Sanofi, data on file, 2010). Similar degenerative changes were observed in the brains of mice treated with IV paclitaxel. 70 Partially reversible eye disorders, characterized by mild subcapsular lens fiber swelling or degeneration, were observed in rats following administration of the highest dose level of 20/10 mg/kg in the ten-cycle toxicity study, but not at lower doses. Such adverse events have not been noted in clinical trials, but may have some relevance to clinical use and are under active surveillance (Sanofi, data on file, 2010).
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In investigations of genotoxicity, cabazitaxel did not induce mutations in the bacterial reverse mutation (Ames) test. Other genotoxicity observations included an increased number of polyploid cells in the in vitro chromosome aberration test, and an increase in micronuclei in the in vivo rat bone marrow micronucleus test. These were consistent with the pharmacologic activity of a microtubule depolymerization inhibitor, and have been observed previously with paclitaxel (Sanofi, data on file, 2010). 71 Cabazitaxel did not affect the mating performance or fertility of male or female rats, but did result in degeneration of the male reproductive system after repeated dosing.
Administration during early gestation in pregnant rats led to fetal death and low fetal weight associated with a delay in skeletal ossification. Drug exposures in these studies were lower than those in humans receiving clinically relevant doses of cabazitaxel. Thus, cabazitaxel is not recommended for use in pregnant women or those of childbearing age who are not using contraception (Sanofi, data on file, 2010).
In a series of safety pharmacology assays, no physiologically relevant effects were observed in the CNS, respiratory, gastrointestinal, renal, and cardiovascular systems after IV administration of cabazitaxel (Sanofi, data on file, 2010). Overall, preclinical safety signals of cabazitaxel were consistent with the previously reported safety profiles of paclitaxel and docetaxel. 25, 62, 63 In terms of dose levels, the highest non-lethal doses observed in the single-dose toxicity studies conducted in mice, rats, and dogs with cabazitaxel and docetaxel were approximately 3-to 4-times lower with cabazitaxel than with docetaxel (Table 8) 
Clinical development
The safety and efficacy of cabazitaxel have been evaluated in a number of clinical studies, 10, [72] [73] [74] [75] [76] including the pivotal randomized Phase III TROPIC study that led to the approval [10] [11] [12] Several Phase I/II clinical studies were conducted in patients with advanced solid tumors who had previously received chemotherapy and in patients with metastatic breast cancer previously treated with taxane therapy. 10, [72] [73] [74] [75] 77 Results indicated that cabazitaxel had an acceptable safety profile and possible antitumor activity in patients with prior exposure to taxanes. These clinical observations were consistent with preclinical studies that showed the marked antiproliferative activity of cabazitaxel in a wide range of docetaxel-resistant cell lines and tumor xenografts. 24 In two Phase I dose-finding studies, cabazitaxel was administered to patients with advanced solid tumors as a 1-hour infusion every 3 weeks. 72, 74 In both of these studies, the dose-limiting toxicities were hematologic toxicity (primarily neutropenia) and diarrhea, and similar cabazitaxel dosing was recommended for subsequent clinical investigations (20 mg/m 2 and 25 mg/m 2 ). The clinical PK profile of cabazitaxel is similar to that of docetaxel, displaying linear PK over tested dose ranges and a triphasic elimination profile. 9, 62, 72, 74 A population PK model for cabazitaxel was developed using pooled data from 170 patients who participated in five Phase I-III clinical trials, 78 which revealed a PK profile comprising rapid initial and intermediate phases (population half-lives of 4.4 minutes and 1.6 hours, respectively) followed by a long terminal phase (population half-life = 95.1 hours). Population PK modeling has shown that a threecompartment structural kinetic model with first-order elimination from the central compartment best fits the concentration-time profile of both cabazitaxel 78 and docetaxel. 79 However, PK modeling (using estimates of population intercompartmental constants) showed the presence of a deeper peripheral compartment for cabazitaxel than for docetaxel. This deeper compartment is in slow equilibrium with the central compartment and was the main contributor to the very large steady-state volume of distribution and very long elimination half-life of cabazitaxel. These data suggest that cabazitaxel is eliminated more slowly than docetaxel. Mass balance studies in humans suggested that excretion is slightly slower for cabazitaxel (76% of the administered dose of 14 C was recovered in feces, with only approximately 4% recovered in the urine over 2 weeks) 34 than for docetaxel (80% of the administered dose of 14 C was excreted in the feces, with approximately 5% recovered in the urine over 7 days). 80 However, the reported slower elimination/excretion profile observed for cabazitaxel has no appreciable impact on observed adverse events, as there is no evidence of delayed or cumulative toxicity with cabazitaxel administration.
The population data showed that BSA was the only evaluated factor that impacted cabazitaxel PK, with no need for 
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Preclinical profile of cabazitaxel dose alteration in special populations (based on age, sex, race, and mild-to-moderate renal impairment). 9, 78 Furthermore, concurrent administration of cabazitaxel with prednisone or prednisolone (unpublished data), or with capecitabine, did not impact its PK profile. 9, 76 Phase III TROPIC study Based on the promising results reported from early-phase clinical studies, including antitumor activity in docetaxel-refractory mCRPC, cabazitaxel was compared with mitoxantrone in a randomized open-label Phase III trial (TROPIC; NCT00417079) in 755 patients with mCRPC that had progressed on previous docetaxel-based therapy. 10, 74, 75 Patients were randomized to cabazitaxel IV 25 mg/m 2 (n=378) or mitoxantrone 12 mg/m 2 (n=377) administered every 3 weeks, both in combination with oral prednisone (or prednisolone) 10 mg daily. 10 Patients receiving cabazitaxel plus prednisone/ prednisolone had a significantly longer median overall survival compared with mitoxantrone (15.1 months versus 12.7 months), corresponding to a 30% reduction in the risk of death (hazard ratio 0.70, 95% confidence interval 0.59-0.83; P0.0001); 10 this was the first demonstration of a survival advantage for any agent in the second-line setting. The cabazitaxel arm also experienced longer median progressionfree survival (2.8 months versus 1.4 months; hazard ratio 0.74, 95% confidence interval 0.64-0.86; P0.0001) and a higher rate of objective tumor response (14.4% versus 4.4%; P=0.0005) and prostate-specific antigen response (39.2% versus 17.8%; P=0.0002).
The most common adverse events associated with cabazitaxel were hematologic, with grade 3 neutropenia, leukopenia, and anemia occurring in 82%, 68%, and 11% of patients, respectively. Diarrhea (6%) was the most frequent nonhematologic grade 3 adverse event. 10 Peripheral neuropathy, an adverse event observed in preclinical studies of taxanes in rodents as well as in clinical studies of other taxanes (Sanofi, data on file, 2010), 25, 62, 63 occurred in 14% of patients receiving cabazitaxel; however, grade 3 peripheral neuropathy was rare, occurring in just three patients (1%). 10 This compares favorably with first-generation taxanes, with reported incidence of grade 3/4 sensory neuropathy of 0%-7% for docetaxel and 2%-33% for paclitaxel in Phase III clinical studies in a number of tumor types. [64] [65] [66] [67] [68] [69] If neuropathy develops, treatment should be delayed until the improvement of symptoms, and dose reduction is recommended for persistent cases of grade 2 severity. 11 More patients receiving cabazitaxel died within 30 days of the last infusion compared with mitoxantrone (5% versus 2%), and patients in this arm were more likely to have a dose reduction (12% versus 4%) or treatment delay (28% versus 15%). 10 The most frequent cause of treatment-related death in the cabazitaxel arm was neutropenia and associated complications, 10 and, as such, proactive management of hematologic adverse events is recommended. 9, 11, 12 Prophylactic use of granulocyte colonystimulating factor (G-CSF) was not permitted in the TROPIC study, but may also be beneficial for the management of neutropenia. 9, 11, 12 Indeed, in global compassionate-use and early-access programs for cabazitaxel, in which G-CSF use was recommended as per American Society of Clinical Oncology (ASCO) guidelines, 81 a similar incidence of neutropenic complications in patients with prophylactic G-CSF use and in patients without G-CSF use at baseline suggests that adequate risk mitigation of such hematological adverse events can be achieved with G-CSF in patients at risk of developing neutropenia. 82 Based on the positive results from this study, cabazitaxel was approved for use in combination with prednisone by the US Food and Drugs Administration, European Medicines Agency, and other national health authorities for the treatment of patients with metastatic hormone-refractory prostate cancer previously treated with a docetaxel-containing treatment regimen.
11,12
Conclusion
Cabazitaxel may have clinical potential in a broader range of patient populations compared with first-generation taxanes, as shown by demonstrated in vivo antitumor activity in tumors with innate or acquired resistance to docetaxel, CNS tumors, and pediatric tumors. In clinical studies to date, cabazitaxel confirmed its antitumor activity and demonstrated a safety profile that can be managed well with appropriate therapy, and this has been confirmed in realworld safety studies. Results from the Phase III TROPIC trial led to the approval of cabazitaxel in patients with mCRPC who have received prior docetaxel-based therapy. As such, cabazitaxel is one of the increasing number of agents available for the treatment of mCRPC. While the optimal sequence of agents is yet to be definitively determined, given the favorable efficacy and tolerability profile of cabazitaxel, it is likely to continue to play a considerable role in the mCRPC treatment paradigm.
Cabazitaxel is also under clinical investigation in a number of studies and indications, including in the Phase III PROSELICA trial, which is evaluating a reduced dose of cabazitaxel (20 
